stacking of helices P5, P4, P6, and P6a (P4-P6 domain) and the other consisting of P8, P3, P7, and P9 (P3-P9 Alan M. Lambowitz,* and Eric Westhof † domain) (Michel and Westhof, 1990 . Iodine-footprinting experiments with the mt LSU and ND1 introns Summary showed that CYT-18 protects the phosphodiester backbone on the side of the catalytic core opposite the active The Neurospora crassa mitochondrial (mt) tyrosylsite. In both introns, many of the putative CYT-18 protectRNA synthetase (CYT-18 protein) functions in splicing tion sites were in the P4-P6 domain, but additional sites group I introns, in addition to aminoacylating tRNA Tyr .
Introduction P4-P6 domain and then makes additional contacts with the P3-P9 domain to stabilize the two major helical doGroup I introns may self-splice in vitro but generally mains in the correct relative orientation to form the inrequire protein factors for efficient splicing in vivo to tron's active site Saldanha et al. , help establish the catalytically active RNA structure 1996). (Lambowitz and Perlman, 1990) . Studies of mitochonHere, to investigate whether CYT-18 functions in splicdrial (mt) RNA splicing in Neurospora crassa and yeast ing by recognizing tRNA-like structural features in group have shown that such protein factors include aminoacyl-I introns, we compared the CYT-18-binding sites in the tRNA synthetases (aaRSs) and other cellular RNA-N. crassa mt LSU and ND1 introns with that in N. crassa binding proteins, which may have adapted to function mt tRNA Tyr by constructing three-dimensional models in splicing by recognizing structures in group I introns based on chemical modification and RNA-footprinting that resemble their normal cellular RNA-binding sites data. Remarkably, superimposition of the CYT-18-bind- (Lambowitz and Perlman, 1990) . Among the best-studing sites in the model structures revealed an extended ied examples is the N. crassa mt tyrosyl-tRNA synthethree-dimensional overlap between the tRNA and the tase (mt TyrRS), which functions in splicing group I ingroup I intron catalytic core. Our results provide insight trons as well as in aminoacylation of tRNA Tyr (Akins and into how an RNA-splicing factor can evolve from a cellu- Lambowitz, 1987) . In addition to N. crassa mt group I lar RNA-binding protein. Further, the structural similaritintrons, CYT-18 promotes the splicing of diverse group ies between group I introns and tRNAs are consistent I introns from other organisms and presumably recogwith an evolutionary relationship and suggest a general nizes highly conserved structural features of the intron mechanism for the evolution of complex catalytic RNAs. RNAs (Guo and Lambowitz, 1992; Mohr et al., 1992 Mohr et al., , 1994 . The dual function of the mt TyrRS raised the Results and Discussion possibility that the structural features that it recognizes in group I introns resemble those in tRNAs (Akins and Three-Dimensional Models of the CYT-18 Binding Lambowitz, 1987; Guo and Lambowitz, 1992) .
Site in Two N. crassa Mt Group I Introns The group I intron catalytic core consists of two exThree-dimensional model structures of the N. crassa mt LSU and ND1 introns after binding of the CYT-18 protein tended helical domains, one formed by the coaxial Figure 1 . Three-dimensional Models and Secondary Structure Representations of N. crassa Group I Introns (a and c) Three-dimensional models of the mt LSU and ND1 introns, respectively, just prior to 5Ј-splice site cleavage. The mt LSU and ND1 intron models were constructed by starting with previously constructed models of the yeast mt LSU intron (Jaeger et al., 1991) and Tetrahymena LSU intron (Michel and Westhof, 1990) , respectively, and refined based on chemical modification and footprinting data . To facilitate modeling, the large P2 helix of the mt LSU intron was shortened to 23 bases and closed with a GAAA loop. J4/5 in both introns and P3, P6b, J6/6a, and P7.1 in the mt LSU intron were modeled to be the same size as in related group I introns (Michel and Westhof, 1990; Jaeger et al., 1991) by opening base pairs or by pairing wobble or noncanonical bases at the ends of helices (see secondary structure representations [b and d] ). Sequences downstream of P9 were not modeled. The views in the figure were constructed with the program DRAWNA (Massire et al., 1994) . Gray spheres indicate putative CYT-18 protection sites on the phosphodiester backbone (see text). P4-P6 domain (including P6b in mt LSU), green; P3-P9 domain, purple; P2 and P7.1/P7.1a, red; and P1, dark gray. In the secondary structure representations (b and d), intron and exon sequences are in uppercase and lowercase letters, respectively. The arrow indicates the 5Ј splice site. Black boxes indicate putative CYT-18 protection sites, and gray shading indicates 5Ј phosphate protections attributed to RNA structure . are shown in Figure 1 . The models were constructed by refined to fit data from chemical modification and footprinting experiments. The latter included iodine cleavstarting with previously constructed models of related group I introns (Michel and Westhof, 1990; Jaeger et al., age of phosphorothioate-containing RNAs, to monitor accessibility of 5Ј phosphate positions, and dimethyl 1991), then tailored for specific structural features and tRNA-like Structure in Group I Introns 1137 sulfate (DMS) and diethyl pyrocarbonate (DEPC) modification of adenines and cytosines . In the models, the catalytic core regions of the N. crassa mt LSU and ND1 introns are similar to those of other group I introns of their respective subclasses (IA1 and IB2, respectively) (Michel and Westhof, 1990) , with the mt LSU intron possessing additional structures, P2, P6b, and P7.1/P7.1a, appended to the catalytic core.
The validity of the models was assessed by comparing the chemical modification and cleavage data with the atomic accessibilities calculated from the model structures. Figure 2 shows a comparison of iodine-cleavage data for the CYT-18/intron RNA complexes and the predicted accessibilities of Pro-Rp oxygen atoms in representative regions of the mt LSU and ND1 introns. The accessibility plots were calculated assuming a spherical probe radius of 2.8 Å for iodine, and positions that have a calculated accessibility of <10 Å 2 are predicted to be inaccessible to cleavage due to RNA structure . Most of the experimentally observed cleavage sites (open squares) are at positions predicted to be accessible in the model, with the exceptions corresponding predominantly to cleavages in single-stranded loop or junction regions that may not have a solution structure as rigid as the one calculated (see the legend for Figure 2 for a summary of such positions) . Some nucleotide residues in P7 of the ND1 intron also show greater than expected cleavage (G103, A104, U108, U156, and A157), possibly reflecting that P7 in the ND1 intron has a more flexible structure (see Burke et al., 1986; Gampel and Cech, 1991) due to the absence of large peripheral structures. For the complete data set, including all regions, the iodine-cleavage data for the mt LSU and ND1 introns were in agreement with the model structures at 97/108 and 70/84 positions, re- , 1996) , CYT-18 primarily protects the side of the the one calculated (e.g., mt LSU intron: A258 in L7.1, A273 in L7.1', catalytic core opposite the active-site cleft. In the N.
and A284 in J7.1/3; ND1 intron: J8/7, A150, U154, and A155).
crassa mt LSU and ND1 introns, many of the putative CYT-18 protection sites are in the P4-P6 domain, clusor tertiary structures, and none could be clearly astered around the junction of the P4-P6 stacked helices.
signed as a CYT-18 binding site (not shown). The protein faces the shallow groove of P4 and the deep In addition to supporting most of the previously asgroove of P6, the sides opposite those believed to be signed CYT-18 protection sites on the phosphodiester engaged in nucleotide triple interactions (Michel and backbone (Caprara et al., 1996) , the N. crassa intron . CYT-18 also protects sites in the P3-P9 models suggest assignment of additional sites, particudomain in both introns and in P6b and P7.1/P7.1a in the larly in P7 and P9. 3Ј] in the mt LSU intron; and P8-5 in the ND1 intron) are on the opposite surface of the catalytic core, and at least some of these protections can be attributed to RNA conformational changes upon CYT-18 binding (e.g., the P3 protections may reflect docking of P1; . Overall, the distribution of the putative CYT-18 protection sites supports the hypothesis that CYT-18 binds to each of the two major helical domains of the catalytic core and stabilizes them in the correct relative orientation to form the intron's active site (Guo and Lambowitz, 1992; . The CYT-18-binding sites in the P4-P6 domain overlap the region that interacts with the P5abc structure in the Tetrahymena LSU intron (Murphy and Cech, 1994; Cate et al., 1996) , suggesting how CYT-18 and the P5abc RNA could function similarly to nucleate folding of the P4-P6 domain (cf., . Finally, the newly identified CYT-18 protection sites in P7 are consistent with the ability of CYT-18 to suppress structural defects that disrupt base pairing in this region (Myers et al., 1996) .
Three-Dimensional Model of the CYT-18 Binding Site in the N. crassa Mt tRNA Tyr
To address whether CYT-18 recognizes similar structural features in group I introns and its tRNA Tyr substrate, analogous RNA structure mapping and footprinting experiments were carried out using an N. crassa mt tRNA Tyr in vitro transcript (Figures 3 and 4) . Previous work showed that this tRNA Tyr transcript is efficiently aminoacylated by CYT-18 (Guo and Lambowitz, 1992) . The binding of CYT-18 to the mt tRNA Tyr is substantially weaker than its binding to group I introns (K d ϭ 0.41 M and <1 pM, respectively; Saldanha et al., 1996, and unpublished data) , necessitating the use of higher CYT-18 protein concentrations in the footprinting experiments. The relatively high Kd value for the tRNA Tyr is similar to that for other tRNA/synthetase complexes and is presumably required to facilitate rapid turnover of the tRNA for protein synthesis (Schimmel, 1989) .
The DEPC-and DMS-modification patterns for the ) of N7 atoms of adenines and guanines were analyzed in a denaturing 10% polyacrylamide gel. Lanes: RNA, calculated from the mt tRNA Tyr model structure ( Figure 5 ) in the RNA incubated at 30ЊC in 10 mM HEPES-KOH (pH 8.8) (buffer) absence of CYT-18, assuming a spherical probe radius of 1.4 Å for containing 100 mM KCl and 15 mM MgCl2, without modifying re-DMS and DEPC. A position with a calculated accessibility of <10 Å 2 agent; 1 and 6, RNA modified in buffer containing 1 mM EDTA is predicted to be inaccessible to the modifying reagents (Westhof at 55ЊC (denaturing conditions); 2 and 7, RNA modified in buffer et al., 1989). Conditions: Semi-De, semidenaturing; ϩMg 2ϩ , native; containing 1 mM EDTA at 30ЊC (semidenaturing conditions); 3 and ϩCYT-18, native plus 2 M CYT-18; ϩϩ, modification of 51%-100% 8, RNA modified in buffer containing 100 mM KCl and 15 mM MgCl2 that in denatured RNA; ϩ, modification of 26%-50% that in denaat 30ЊC (native conditions); 4, 5, 9, and 10, RNA modified in buffer tured RNA (moderately protected); and Ϫ, modification <26% that containing 100 mM KCl and 15 mM MgCl2 plus 1.2 or 2 M CYTin denatured RNA (strongly protected). Bands that could not be 18 at 30ЊC. Lanes A, G, and OH Ϫ , RNA partially digested with RNase resolved by gel electrophoresis (G1-G7, A73, and A76) or were at U2, RNase T1, or alkali, respectively. tRNA regions demarcated to or near sites of pronounced nonspecific degradation (G19, G52, the left are AR, acceptor stem; T, T helix; V, variable helix; AC, G53, A57, and A58) were not included in the analysis. Tyr transcript (pTYR/ BstNI) was synthesized with different phosphorothioates and cleaved with iodine in the presence or absence of 1.2 or 2 M CYT-18 protein. The cleavage products were analyzed in a denaturing 10% polyacrylamide gel . Lanes: RNA, RNA incubated at 30ЊC in 10 mM HEPES-KOH (pH 8.8) (buffer) containing 100 mM KCl and 15 mM MgCl 2 without iodine; 1, 5, 9, and 13, RNA cleaved in buffer containing 100 mM KCl at 30ЊC (denaturing conditions); 2, 6, 10, and 14, RNA cleaved in buffer containing 100 mM KCl and 15 mM MgCl 2 at 30ЊC (native conditions); 3-4, 7-8, 11-12, and 15-16, RNA cleaved in buffer containing 100 mM KCl and 15 mM MgCl 2 , plus 1.2 or 2.0 M CYT-18 at 30ЊC. Lanes A, G, and OH Ϫ , RNA partially digested with RNase U2, RNase T1, or alkali, respectively. Iodine-cleavage products migrate ‫1ف‬ nucleotide shorter than the corresponding nuclease-or alkali-digestion products. tRNA regions demarcated to the left are as in Figure 3 . (b) The extent of iodine cleavage is compared with the accessibilities of Pro-Rp oxygens (Å 2 ) calculated from the mt tRNA Tyr model structure ( Figure 5 ) in the absence of CYT-18, assuming a spherical probe radius of 2.8 Å for iodine. A position with a calculated accessibility Ͻ10 Å 2 is predicted to be inaccessible to iodine cleavage . Conditions: ϩMg 2ϩ , native; ϩCYT-18, native plus 2 M CYT-18; ϩϩ, cleavage 51%-100% that in denatured RNA; ϩ, cleavage 26%-50% that in denatured RNA (moderately protected); Ϫ, cleavage <26% that in denatured RNA (strongly protected). Bands that could not be resolved clearly (G1-G7, U19:1-U20, and U72-A76) or were at or near sites of pronounced nonspecific degradation (U54-U60 and U67) were not included in the analysis. In iodine-cleavage experiments (Figure 4) , the phosphodiester backbone of the mt tRNA Tyr was largely exin absence of CYT-18) showed protections expected for the formation of secondary structure as well as base posed under denaturing conditions. Under native conditions (15 mM Mg 2ϩ in the absence of CYT-18), the tRNA Tyr stacking and some tertiary interactions (Figure 3 ). All but one strong modification (G47:7 in the variable stem) transcript showed some protections expected for the formation of tertiary structure. However, some regions were at a position predicted to be single stranded. CYT-18 binding enhanced most of these protections and that should have been protected remained accessible to cleavage, likely reflecting that the tertiary structure also protected G18 and G21 in the D loop, G47:7 in the variable stem, and G34 in the anticodon loop. The latter is less stable in the absence of modified nucleotides, as found for other tRNA in vitro transcripts (Perret et is a major identity element in E. coli tRNA Tyr (Sherman et al., 1992) .
al., 1990; Derrick and Horowitz, 1993) . CYT-18 binding enhanced most of the protections attributed to tertiary structure and resulted in additional protections throughout the D, anticodon, T, variable, and acceptor helices ( Figure 4 ; the 5Ј strand and 3Ј end of the acceptor stem were not sufficiently resolved for analysis). By contrast, control experiments showed that under the same conditions, CYT-18 produced only a few scattered protections in the noncognate N. crassa mt tRNA Trp (not shown). CYT-18, like other aaRSs, is presumably under selective pressure to discriminate between different tRNAs.
A three-dimensional structure model of the N. crassa mt tRNA Tyr ( Figure 5 ) was constructed by starting with the previously constructed model of the yeast tRNA Ser , which also contains a long variable arm (Dock-Bregeon et al., 1989) , and refining the model to fit the chemical modification and iodine-cleavage data. As summarized in Figures 3b and 4b , the model structure is in good agreement with the experimental data (22/28 positions for the DMS-and DEPC-modification data and 44/67 positions for the iodine-cleavage data), with most of the exceptions reflecting iodine cleavage in loop or junction regions that are predicted to be inaccessible due to tertiary structure (D loop, anticodon loop, and the junction between the variable and T helices). As discussed above, these tertiary interactions may be less stable in the tRNA Tyr transcript in the absence of modified nucleotides.
Putative CYT-18 protection sites on the phosphodiester backbone of the tRNA Tyr (gray spheres in the model structure and black squares in the secondary structure representation) were identified as 5Ј phosphates that were protected from iodine cleavage in the presence of CYT-18 but should otherwise be accessible based on (Bedouelle et al., 1993) .
most class II tRNAs have a purine-purine interaction at this position (Brennan and Sundaralingam, 1976; Biou et al., 1994) . Putative CYT-18 protection sites on the phosphodiester backbone are indicated features in its group I intron and tRNA substrates, the (b) In the secondary structure representation, 5Ј phosphate protections attributed to CYT-18 are in black boxes, and those attributed putative CYT-18 protection sites in the mt LSU and ND1
to RNA structure are in gray boxes. Base pair G26-U44 is indicated intron model structures were superimposed on those in by a dashed line. The calculated accessibilities at U47:4, U47:5, and the tRNA Tyr model structure (Figures 6 and 7) . To mini-A47:6 in the variable arm varied substantially during modeling, and mize bias, only those nucleotides corresponding to CYTthe protections at these positions were attributed to CYT-18 based 18-protected phosphate residues were used for the inion proximity to other CYT-18 protection sites.
tial three-dimensional alignment, while other regions of the RNA structures were hidden from view (Figures 6a  and 6b ). After the protected phosphates were aligned, many of the CYT-18 protection sites in both introns, almost completely superimposes with the D-anticodon the other regions of the structures were restored to reveal additional overlaps (Figures 7a and 7b) .
arm-stacked helix of the tRNA, consistent with the previously suggested structural similarity of these regions Remarkably, not only are the CYT-18-binding sites similar in the model structures, but the tRNA overlaps (Michel and Westhof, 1990; Guo and Lambowitz, 1992) . This superimposition indicates that the stacked helical an extended region of the group I intron catalytic core (see legend for Figure 7 for a summary of overlapping junctions have similar degrees of rotation. In addition, the CG at P4 bp 3, which is conserved in both introns positions). The P4-P6 stacked helix, which contains and identified as a potential base-specific contact in the mt LSU intron (Saldanha et al., 1996) , aligns with C11-G24, which corresponds to a CYT-18 protection site in the tRNA. Functionally, the D helix and P4-P6 stacked helix are believed to nucleate folding of their respective RNAs (Stein and Crothers, 1976; Williamson, 1994, 1996) .
In other regions, the variable stem of the tRNA is situated similarly to and partially overlaps P7, with the CYT-18-protected residues C47 and U47:1 superimposing on those in P7 [5Ј] . As noted previously, the variable stem of N. crassa mt tRNA Tyr has extended primary and secondary structure similarity to P7 (Guo and Lambowitz, 1992) . In addition, the 5Ј and 3Ј strands of the acceptor stem largely parallel P9[3Ј] and P9[5Ј], respectively, with the discriminator base (A73) directly overlapping L9-1, a putative CYT-18 contact site in both introns. The P9 region is specifically required for CYT-18-dependent splicing reactions .
The connectivities between the potential tRNA cognate elements in group I introns, P4-P6 (D anticodon arm), P7 (variable stem), and P9[5Ј] (3Ј strand of the acceptor stem) are the same as those in tRNAs. However, the strand entering the D-anticodon-arm cognate (P4-P6) is from P3, which does not correspond to a structure in the tRNA. The regions of the P4-P6 and P3-P9 domains that have structural similarities to tRNAs are highly conserved in all group I introns, presumably because they are required for catalytic activity. The ability of CYT-18 to discriminate between different tRNAs, which have the same structural features, may be due to energetically unfavorable interactions with other regions of the tRNAs.
Evolutionary Implications
We suggested previously that proteins involved in splicing group I introns and possibly other types of introns evolved from preexisting RNA-binding proteins that had another function (Akins and Lambowitz, 1987; Lambowitz and Perlman, 1990) . The structural similarities between the CYT-18-binding sites in the N. crassa mt tRNA Tyr and group I introns identified here support the hypothesis that the mt TyrRS adapted to function in splicing by recognizing a conserved tRNA-like structure in group I introns. Further, the structural models of the group I intron binding site suggest how recognition of the tRNA-like structural features by CYT-18 could promote splicing by stabilizing the P4-P6 and P3-P9 domains and/or their interaction to form the intron's active site.
The adaptation of TyrRS to function in group I intron splicing has thus far been found only in Neurospora and the closely related fungus P. anserina and appears to be a relatively recent evolutionary development (Cherniack et al., 1990; Lambowitz and Perlman, 1990; Kamper et al., 1992) . The CYT-18-dependent group I introns may Tyr with those in the mt LSU and ND1 intron model structures, respectively. The putative CYT-18 protection sites in the group I intron models were separately docked into the tRNA Tyr protection sites, while other regions of the RNA structures were hidden from view. The tRNA Tyr protection sites were kept stationary in essentially the orientation of Figure 5 , while the intron sites were manipulated. tRNA Tyr , yellow; mt LSU intron, orange; and ND1 intron, green.
tRNA-like Structure in Group I Introns 1143 100% active protein, as judged by tyrosyl-adenylation assay have been acquired as molecular parasites that were (Saldanha et al., 1995) . All CYT-18 concentrations refer to homodiself-splicing initially and became dependent on the CYTmer, which is the active species for aminoacylation and RNA splicing 18 protein as a result of mutations that impaired forma- (Saldanha et al., 1995) . tion of the catalytically active RNA structure (Lambowitz and Perlman, 1990) . Since the tRNA-like structural fea-
Synthesis of N. crassa mt tRNA
Tyr Transcript An in vitro transcript corresponding to the N. crassa mt tRNA Tyr tures likely preexisted in group I introns because they was synthesized using phage T3 RNA polymerase (GIBCO-BRL, form an intrinsic part of the catalytic core, it's possible Gaithersburg, MD) from plasmid pTYR linearized with BstNI (Guo that different aaRSs or other tRNA-binding proteins . The pTYR/BstNI transcript has the same adapted to function in splicing group I introns in other primary sequence as the tRNA, except that the 5Ј A residue was organisms. Indeed, this may be the case for the yeast changed to G for in vitro transcription. For RNA structure mapping mt LeuRS, which functions in splicing two closely related and footprinting, the pTyr/BstNI transcript was 5Ј-end-labeled with [␥- CYT-18 in recognizing a tRNA possessing a long variable . arm with primary and secondary structure similarity to P7 (Sibler et al., 1986) .
DMS and DEPC Modification of N. crassa mt tRNA Tyr
In general, the structural similarities between group I DMS and DEPC modification reactions were carried out with 2.5 pmol ‫000,52ف(‬ cpm) of 5Ј-end-labeled mt tRNA Tyr transcript (pTYR/ introns and tRNAs could reflect the presence of common BstNI) in 25 l of buffer (10 mM HEPES-KOH; pH 8.8) plus 1 mM structural motifs that evolved separately in the RNAs, EDTA (denaturing and semidenaturing conditions) or in buffer plus e.g., molecular mimicry (Felden et al., 1994) , or an evolu-
